Time-resolved optical techniques are used to explore electron spin dynamics in bulk and epilayer samples of n-type ZnO as a function of temperature and magnetic field. The bulk sample yields a spin coherence time T 2 * of 20 ns at T = 30 K. Epilayer samples, grown by pulsed laser deposition, show a maximum T 2 * of 2 ns at T = 10 K, with spin precession persisting up to T = 280 K.
A lot of attention has been focused on zinc oxide ͑ZnO͒ because of material properties that make it well suited for applications in ultraviolet light emitters, transparent highpower electronics and piezoelectric transducers. In addition, the theoretical work of Dietl et al., 1 predicting roomtemperature ferromagnetism for Mn-doped p-type ZnO, has revealed the possibility that ZnO may be an appropriate candidate for spintronics. 2 While the magnetic properties of thin films of ZnO are being widely investigated, [3] [4] [5] practical spintronics applications would also require long spin coherence time and spin coherence length.
In this letter, we investigate the electron spin dynamics of nonmagnetically doped n-type ZnO. The growth of p-type films is an experimental challenge, possibly due to selfcompensation from oxygen vacancies 6 or the incorporation of hydrogen as an unintentional donor. 7 Consequently, recent developments reporting magnetic properties in ZnO have been regarding n-type samples, 8 although the preparation of p-type films has been reported. 9, 10 Our measurements on n-type ZnO establish a spin coherence time of ϳ190 ps at room temperature, longer than the spin coherence time reported in GaN, 11 another wide-band-gap semiconductor. ZnO also has the added advantage that high-quality single crystals are commercially available.
We concentrate on four samples-three 100 nm epitaxial thin films ͑designated as Samples A-C͒ and a bulk Sample D. The thin films are fabricated by a pulsed laser deposition system using a ceramic ZnO pellet ͑Praxair Targets, Inc.͒ as the target and c-cut sapphire as the substrate, which is heated to 800°C during deposition. The substrate ab plane is rotated by 30°with respect to that of the epilayers to reduce the lattice mismatch from 16% to 3.85%. Four-circle x-ray diffractometry confirms the single phase growth and the wurtzite structure of ZnO. The oxygen pressure used during the growth process for the epilayers is 10 ͑240 cm 2 /Vs͒, respectively. We note that Sample D has a carrier concentration several orders of magnitude smaller than the epilayers and a higher mobility.
Time-resolved Faraday rotation ͑TRFR͒, an optical pump-probe spectroscopic technique, 13, 14 is used to probe the electron spin dynamics. A circularly polarized pump pulse, incident normal to the sample surface, injects spin polarized electrons, and the Faraday rotation angle of a linearly polarized probe pulse, applied after a time delay ⌬t, measures the projection of the electron spin magnetization as it precesses in a plane perpendicular to the applied transverse magnetic field ͑Voigt geometry͒. The pump and probe are typically tuned to 369 nm to address the band gap of ZnO, using the frequency-doubled output from a mode-locked Ti:Sapphire laser with pulse duration ϳ150 fs and repetition rate of 76 MHz ͑t rep =13 ns͒. The laser beams are focused to a spot size of ϳ50 m, and typical pump and probe powers are 1.9 mW and 200 W, respectively. The circular polarization of the pump beam is modulated with a photoelastic modulator at 50 kHz for lock-in detection.
TRFR results for Samples A-C at T = 5.5 K and B = 0.5 T are shown in Fig. 1 . The oscillatory component of the Faraday rotation ͑ F ͒ as a function of time delay is
where A is the amplitude of the electron spin polarization injected perpendicular to B, T 2 * the transverse coherence time and L the Larmor frequency which is related to the electron g-factor g * by ប L = g * B B ͑where B is the Bohr magneton͒. Fits to the data in Fig. 1͑a͒ 15 This value of g * is lower than that measured in the bulk Sample D ͑g * = 2.03͒, which may be attributed to the in-plane compressive strain in the epilayers due to the lattice mismatch with the substrate. Figure 1͑c͒ shows T 2 * decreasing by almost 60% when the magnetic field is increased from B = 0.1 T to 1 T for Samples A and B, and by about 30% for Sample C. This field dependence is similar to that observed in GaN. 11 In Fig. 2 , we perform a detailed study of the temperature dependence of T 2 * in Sample A, which has the highest carrier density, and the longest spin coherence time of all the epilayers. Figure 2͑a͒ shows the TRFR response at B = 0.8 T for temperatures T = 80 K, 180 K and 280 K. The g-factor g * is temperature independent, while T 2 * decreases with increasing T. Remarkably, spin coherence persists until room temperature, with a spin lifetime of 188 ps at 280 K, considerably longer than the spin coherence time observed in GaN ͑ϳ35 ps͒. 11 Data at T = 280 K is fit to Eq. ͑1͒ plus a nonoscillatory exponential term to account for the fast decay in the initial 25 ps. TRFR data at T = 5 K and B = 0.5 T for the bulk Sample D are shown in Fig. 3͑a͒ . We observe that the Faraday signal exhibits oscillations at negative delay, indicative of spin magnetization persisting from the previous laser pulse, suggesting T 2 * ജ t rep . We employ the method of resonant spin amplification ͑RSA͒ which makes it possible to measure spin coherence times well in excess of t rep . 16 Here, the Faraday rotation is measured at a fixed pump-probe delay. By varying the magnetic field, and thus, the Larmor frequency, resonant enhancements in Faraday rotation occur when the spin precession and pulse repetition periods are commensurate, due to constructive interference of successively excited spin packets. Figure 3͑b͒ shows multiple RSA peaks in a magnetic field scan from +10 mT to −10 mT at ⌬t = 50 ps and T = 30 K. From a Lorentzian fit to the zero-field resonance peak, we obtain a T 2 * of 20 ns. Figure 3͑c͒ shows a log-log plot of the temperature dependence of T 2 * in the bulk sample obtained from such fits for 5 K Ͻ T Ͻ 100 K. For comparison, we reproduce the temperature dependence of Sample A from Fig. 2͑b͒ , and notice that despite having carrier concentration four orders in magnitude lower, T 2 * is larger by a factor of 10 in the bulk. It also does not follow the power law of T −3/2 seen in the epilayer. We speculate that these differences between the bulk and the epilayer may be attributed to the presence of compressive strain and higher density of defects in the latter. Of the three spin decoherence mechanisms relevant in semiconductors-Elliot-Yafet ͑EY͒, is the electron effective mass, E g is the band gap, ␥ 1 and ␥ 3 are the spin-splitting coefficients, k B is the Boltzmann constant, and tr is the transport time, related to the mobility via tr = m e * / q ͑q is the electron charge͒. While it predicts the correct qualitative trends, it does not explain all of the data, especially the T −3/2 dependence and the persisting spin coherence at high temperatures, suggesting that there may be other spin scattering processes responsible for our findings.
In conclusion, we have studied spin coherence in bulk and epilayer samples of ZnO. In the bulk sample, T 2 * extends to very long times at low temperatures. In the epilayers, T 2 * increases with carrier concentration, but is much smaller than in the bulk. However, spin precession in the epilayers persists until room temperature, adding to the attractiveness of ZnO as a material for spintronics.
The parameters used in the calculations for ͓T 2 ͔ DP in the epilayers are ␥ 1 = 0.005 eV Å, ␥ 3 = 5 eV Å 3 , m * e = 0.275 m e , and E g = 3.445 eV. In the epilayer, the measured mobility is temperature independent and, for the calculation, we use ͑20 K -280 K͒ =19 cm 2 / V s, to evaluate tr . In the bulk, we use the measured values for the temperature-dependent mobility , and tune ␥ 1 to 0.5 meV Å, to account for the lower strain in the bulk compared to the epilayers.
